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bout This Publication

The Maryland Pilot Earth Science and Technology Education Network (MAPS-NET)
project was sponsored by NASA to enrich teacher preparation and classroom learning
in the area of Earth system science. Teachers who participated in MAPS-NET completed
a graduate-level course and developed activities that incorporate satellite imagery and
encourage the hands-on study of Earth.

This publication includes the Teachers Guide that replicates much of the material
taught during the graduate-level course and Activities developed by the teachers.
Both are important elements in the series, Looking at Earth from Space, developed
to provide teachers with a comprehensive approach to using satellite imagery to
enhance science education.

The Teachers Guide will enable teachers (and students) to expand their knowledge of
the atmosphere, common weather patterns, and remote sensing. Because the Guide is
designed to expand teachers” knowledge, it is divided into topical chapters rather than
by grade-level. The Activities are listed by suggested grade level.
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SCIENCE CONTENT STANDARDS

his publication responds to the following content standards proposed in

T

to this publication.

Content Standards, Grades 5-8

the Draft National Science Education Standards’. Note that this is not a
comprehensive list of the standards, and includes only those relevant
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LOOKING AT EARTH
FROM SPACE

The launch of the first environmental satellite by the United States on April 1, 1960,
dramatically changed the way we observe Earth and the frequency of those observa-
tions. Looking at Earth from space meant that monitoring the atmosphere was trans-
formed into a global capability and perspective. Isolated local information became a
component in a worldwide view of the atmosphere. The polar ice caps and the large
areas of Earths surface covered by water could remain inaccessible to ground observers,
but that did not preclude information from being obtained by remote sensors.

ophisticated technology enables and challenges us to:

= observe the changing Earth system,

= identify the changes caused by nature and those effected by humans,
* understand those interactions,

= assess the impact of those changes, and

= eventually, predict change.

Technology provides constantly improving tools for conducting this task, but scientific
knowledge, observation, assessment, and prediction are the objectives that drive it forward.

Remote sensing is the ability to acquire information about an object or phenomena by
a device that is not in physical contact with that object. Direct readout is the capability
to acquire information directly from environmental satellites. Users of ground station
equipment can obtain realtime data from environmental satellites. Data can be dis-
played on a personal-computer screen as images of Earth (similar to those seen on tele-
vision weather forecasts). This exciting capability is impacting the way many students
now study Earth, and providing many with experience using first-hand satellite data.

The practical utilization of technology has real merit in preparing students for future
careers. But more importantly, direct readout technology transforms them into explor-
ers. This experience can spark interest in science and math, further understanding of
our planet, and provide a clearer perspective of our individual and collective responsi-
bilities as caretakers of Earth. It underscores the importance of international coopera-
tion for observing Earth and developing strategies to preserve it.

This Teachers Guide was developed by the NASA-sponsored Maryland Pilot Earth
Science and Technology Education Network (MAPS-NET) project. MAPS-NET, in partner-
ship with the University of Maryland, College Park, Department of Meteorology, imple-
mented a science-based utilization of direct readout to study Earth. The MAPS-NET
materials enhance both teacher preparation and existing school curriculum.
Participating Maryland precollege teachers developed activities and contributed to
poth the course content and the development of this Teachers Guide. Their emphasis
on curriculum relevancy and classroom implementation was the leading influence in
shaping the information presented in this manual.

This Guide was designed for teachers (as background, for training, or for classroom
application) and focuses on the study of meteorology, with application to satellite
imagery. Segments on topics such as environmental satellites, orbital prediction, and
setting-up environmental satellite ground stations are included. Each chapter may have
independent classroom application, as well as contributing to a comprehensive under-
standing of looking at Earth from space.



NASA'S MisSION TO
PLANET EARTH

The perspective from space is a unique one, providing a global view that is available in
no other way. While scientists of the past were limited by the types of observations
available, today’s scientists use measurements collected from a number of perspectives.
Data from space-based instruments have become an integral tool for studying our
global environment. For example, remotely-sensed data indicating ocean temperature
helps explain changes in polar ice, ocean vegetation, and global weather patterns.
Global ozone measurements from space were the key to discovering the ozone hole.
Studies of ocean color provide information about ocean vegetation, pollution,
changes in ocean chemistry, and subtle changes in climate.

NASAS Mission to Planet Earth (MTPE) has evolved from international concern about
our environment and the need to mount a global effort to study the causes of cli-
mate change. This program is dedicated to understanding the Earth system — how
the land, water, air, and life interact and how humans are affecting this system.
MTPE is pioneering the study of global climate change and is laying the foundation
for long-term environmental and climate modeling and prediction. MTPE is focusing
on climate changes—those changes that could occur on time scales of decades to
centuries—and possibly within our lifetimes.

This effort involves gathering long-term global measurements of the Earth system using
spacecraft, aircraft, balloons, and ground-based observations. The gathered data is used
to build complex computer models that simulate the processes governing the Earth

system. These models will ultimately serve as prediction tools for future global changes,
providing information necessary for making informed decisions about the environment.

A number of MTPE satellites are collecting data. Two major research satellites are the
Upper Atmospheric Research Satellite (UARS) and the Ocean Topography Experiment
(TOPEX/ POSEIDON]). UARS, launched September 1991, is investigating the Earth’s
upper atmosphere and the effects of human activities on stratospheric ozone levels.

Understanding the dynamics of ocean circulation and its role in climate change is the
main goal of TOPEX/POSEIDON, a joint effort between NASA and the French Space
Agency, launched in August 1992. Oceanographers are using data from TOPEX/
POSEIDON to study climatic phenomenon such as El Nifio, a recurring event that
prings devastating weather to several global regions, including heavy rains and flood-
ing to California, colder than normal winters across the United States, and severe
droughts and dust storms to Australia. Insights gained from the TOPEX/POSEIDON
investigation will not only advance our basic science knowledge, but will also aid in
mitigation of economic and environmental impacts related to climate.

The centerpiece of MTPE is the Earth Observing System (EOS). EOS will consist of a
series of small- to intermediate-sized spacecraft, planned for launch beginning in 1998.
These satellites will provide global measurements over an eighteen-year period.
Measurements for this period or longer are needed to assess the impact of natural
changes (e.g., El Nifilo events and the solar cycle) versus human-caused changes

(e.g., pollution, urbanization). EOS satellites will carry a suite of instruments designed
to study global climate change, focusing on the following key research areas:



The role of clouds, radiation, water vapor and precipitation.

The primary productivity of the oceans, their circulation, and air-sea exchange.
The sources and sinks of greenhouse gases and their atmospheric transformations.
Changes in land use, land cover, primary productivity, and the water cycle.

The role of polar ice sheets and sea level.

The coupling of ozone chemistry with climate and the biosphere.

The role of volcanoes in climate change.

NowunsWwN =

In addition to EOS and research satellites such as UARS and TOPEX, MTPE will include
Earth Probes — discipline-specific satellites with instruments that will gather observa-
tions before the launch of the EOS platforms. Earth Probes will include the Tropical
Rainfall Measuring Mission (TRMM ), Sea-Viewing Wide Field Sensor (SeaWiFsS), which
will measure ocean vegetation, reflights of the Total Ozone Mapping Spectrometer
(TOMS), and a NASA scatterometer designed to measure ocean surface winds (NSCAT).

Data from these missions will be complemented by other datasets. Space Shuttle exper-
iments; Landsat data; data from U.S., European, and Japanese-operated polar and
geostationary environmental satellites; and ground-based observations from ships,
pbuoys, and surface instruments all contribute to MTPE.

MTPE Information is not only critical for scientific research, but can also play an important
role in science education. Through educational materials such as Looking at Earth from
Space, NASA encourages teachers to use a space perspective to spark their students’
imagination, and capture their interest in and knowledge of Earth system science.



SAMPLE USES FOR DIRECT READOUT
IMAGES AND DATA IN EARTH SCIENCE STUDY

iology and Agriculture

= use sea surface temperature to deceiiiu
location of various species of fish

= determine probable crop production (cropics)

= |and management

= correlate rainfall and vegetation vigor

= study effects of acid rain on vegetation

eology

= identify land formations, coast lines, mountains, lakes
= determine areas of water sheds

= |ocate active volcanoes

= monitor Earth resources

= compare water and land temperatures

= identify renewable and non-renewable resources

= study how Earth evolves over time

eteorology

= produce daily weather reports, monthly averages, annual comparisons
= develop weather forecasts

= track severe storms

= study upper air circulation and jet streams

* measure snow and ice areas

= compare Earth and satellite views of clouds

= develop cloud cover indexes for regions of the Earth

= compare seasonal changes of a specific region

= identify weather fronts

ceanography
= study sea surface temperatures (currents)

= predict fish harvest based upon sea surface temperatures
= conduct time studies comparing erosion, land formations






WEATHER SYSTEMS AND
SATELLITE IMAGERY

his chapter provides a theoretical and
technical discussion of how satel-
lite images can be used to under-
stand the most common weather
pattern observed in the northern
mid-latitudes of Earth.

This chapter was prepared by
William F Ryan, University of
Maryland, College Park,
Department of Meteorology.
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INTRODUCTION TO MiD-LATITUDE
WEATHER SYSTEMS

ection 1

One of the first applications of data and images supplied by satellites was to improve
the understanding and prediction of weather. The object of this chapter is to use
satellite images and meteorological concepts to describe the most common weather
patterns of a portion of the Earth’s atmosphere. In this chapter, we will concentrate

on the northern mid-latitudes, the area of the Earth between 30 and 60 degrees north
latitude, and the extratropical cyclone which brings the changes in weather that we
experience in these latitudes.

In figure 1a (page 10), a full disc image of the Earth taken from the GOES* satellite is
shown. The region of the mid-atitudes is distinguished by the wave-like structure of the
clouds that are observed. The length, amplitude, and number of these waves have
remarkable variation. In addition, the waves evolve over time and space. In figure 2
(page 12), a GOES image of the continental United States shows a close-up of one
mid-latitude wave. An even closer view can be obtained from a polar-orbiting satellite.
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* Two major types of meteorological satellites

Environmental (also known as meteorological or weather) satellites are
unmanned spacecraft that carry a variety of sensors. They scan the Earth and
electronically transmit acquired information back to Earth. Two types of meteo-
rological satellite systems provide direct readout service. The satellite systems
are geostationary and polar-orbiting, named for their orbit types. The satellite
images in this chapter are from U.S. Geostationary Operational Environmental
Satellites (GOES), and U.S. polar-orbiting satellites (NOAA=series). See the chap-
ter on satellites for more information.




figure 1a. GOES 7 image, December 5, 1994, 1800
image courtesy of SSEC: University of Wisconsin-Madison
rectangle indicates location of polar-orbiter image in figure 10




figure 1b. Polar-orbiting satellite image for December 5, 1994.

image courtesy of D. Tetreault, University of Rhode Island



figure 2. GOES image of wave pattern in U.S. April 30, 1700 UTC.
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign

Because the GOES image has a very wide field of view, it is able to observe the extrat-
ropical cyclone in its entirety. The polar orbiter can often observe only a portion of the
entire wave, although the resolution of individual clouds is much more precise in the
polar-orbiter image. The greater frequency of the GOES image (once per hour) also
provides the ability to closely observe the evolution of weather features. GOES images
are now readily available on the Internet. Information about obtaining images electron-
ically is included in Section 6 of this Chapter and in the Resources section.



Because wave motion is so important to weather prediction, meteorologists have
devised standard terminology for discussing wave structure. An idealized wave is
shown in figure 3. Waves tend to be quasi-horizontal. The top/northern-most exten-
sion of the wave is a ridge, the jagged line in figure 3 is the ridge axis. In general
terms, weather conditions beneath the ridge axis are dry and storm free. The bottom/
southern-most extension of the wave is the trough, it has a trough axis represented
by the dashed line. As will be shown in section 3, the area just ahead (east) of the
trough axis is the preferred location for storm development. The area to the west of the
trough is usually cool and dry.

45°
surface
low
pressure
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clouds
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figure 3. common mid-latitude weather pattern: comma cloud

Weather disturbances in the vicinity of atmospheric waves, like ocean waves near the
Peach, have a life cycle in which they initiate, amplify, break, and then dissipate. As a
mid-latitude cyclone moves through its life cycle, certain characteristic cloud shapes
develop that can be observed from space. At the mature stage, when the weather
associated with the wave is most intense, the satellite signature is the spiral-shaped
comma cloud and the weather system associated with it is a cyclone or cyclonic
disturbance (figure 4a).

There is often confusion associated with the term cyclone. Cyclone refers to large-scale
closed circulations in the atmosphere whose direction of rotation is counter clockwise
in the Northern Hemisphere. Cyclones in the tropics, such as hurricanes, are referred
to as tropical cyclones. Cyclones in the upper latitudes are called extratropical, or



mid-latitude, cyclones. In this chapter, cyclone, or cyclonic disturbance will be used
solely to refer to extratropical weather disturbances, which are the characteristic
weather developments in the mid-latitudes.

The length of the wave, which often contains a comma cloud as in figure 3, is usually
several thousand kilometers. This is generally referred to as the synoptic scale. This
scale of wave is common in the northern mid-latitudes. There are many important
smaller scale events that can very usefully be observed by satellites, these will be dis-
cussed later. These smaller-scale events are generally termed mesoscale and include
poth hurricanes and the massive Great Plains thunderstorm systems that can spawn
destructive tornadoes. For most of this section, we will look carefully at the larger syn-
optic scale waves and the extratropical cyclones associated with them.

synoptic scale

Scale of atmospheric motion that covers the range of hundreds of kilometers to
several thousand kilometers in the horizontal. An example of synoptic scale mete-
orological phenomena are extratropical cyclones and high pressure systems.

mesoscale

Scale of atmospheric motion that covers the range from a few kilometers to sev-
eral hundred kilometers—in the horizontal. Examples of meteorological effects
that occur in the mesoscale are squall lines and sea breeze fronts.

If we see a comma cloud as in figure 4a (page 15), what can we say about the weath-
er associated with it? If we watch or listen to broadcast meteorologists, we often hear
about approaching cold or warm fronts which are displayed on the screen in blue and
red lines (figure 4b, page 16). Commonly used weather symbols are shown in the glos-
sary on page 322. In a general sense, the western edge of the tail of the comma marks
the location of the cold front. A warm front is often associated with the head of the
comma. Where the two fronts intersect is often the location of the area of lowest sur-
face pressure—which marks the center of the cyclone. Around this center of low pres-
sure, lines of equal pressure or isobars radiate outward. As we will see in more detail
later, wind flow is generally parallel to the isobars and therefore circulate counter-clock-
wise about the center of low pressure.

We can make certain preliminary guesses about the current weather and the changes
that will occur in the next few hours based solely on the comma cloud pattern. In this
case, the area behind the cold front is relatively cold and dry with winds from the west
or northwest. The area ahead of the cold front is usually moist and warm (the warm
sector) with winds from the south and southwest. Along the frontal boundaries lie
cloud bands which are associated with rainy conditions. The clouds along the cold
front often contain isolated, vertically-developed clouds with thunderstorms and brief,
heavy rain. Along the warm front are layered clouds at various altitudes with little verti-
cal development. Surface conditions are overcast, perhaps with rain.




figure 4a. GOES image April 30, 1994 1200 CDT
image courtesy of M. Ramamurthy, University of lllinois,Urbana/Champaign
comma cloud system
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figure 4b. Surface pressure field and fronts
Can be copied onto a transparency and overlaid on figure 4a

In the next sections we will describe in qualitative terms how extratropical cyclones
develop and the satellite signatures associated with them. A standard theoretical model
will be used to answer questions about the initiation and development of these storms.
Keep in mind that there are other weather phenomena that do not fit this model of
extra-tropical cyclones yet do result in important weather effects. These phenomena
are on a scale that can be readily observed by polar-orbiting satellites and will be
discussed in section 5.




WAVE MOTION AND THE
GENERAL CIRCULATION

ection 2

The weather patterns that we experience in the northern midlatitudes are driven by
the unequal heating of the Earth’s surface. The tropical latitudes (23°S - 23°N) receive
more energy input than the higher latitudes. Because the amount of heat energy rera-
diated by Earth back into space is approximately the same anywhere on the globe, the
energy imbalance is mainly due to two factors (figure 5).

= First, the Sun’s rays are nearly perpendicular to the surface near the equator. As a
result, they travel a shorter distance through the dense lower atmosphere and are
less likely to be reflected or dissipated.

= Second, the tropical regions receive more of the Sun’s energy per unit area due to
the curvature of the Earth.

The presence of waves and weather disturbances in our latitudes is a result of the
Earth-atmosphere system attempting to restore balance to the system by transporting
excess energy from the south to the north.

differential heating (latitudinal)
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figure 5.

The general circulation of the atmosphere—the average motion of the winds around
the globe—is also driven by the differential heating of the Earth. In the simplest terms,
excess heating near the equator causes the air to expand or swell over the equatorial
regions. Upward motion associated with this heating is typically concentrated in a
relatively narrow band named the Inter-Tropical Convergence Zone (ITCZ). The



satellite signature of the ITCZ is a band of clouds, usually tall thunderstorms (cumulonim-
bus), that circles the oceans near the equator (figure 6). The position of the ITCZ varies
seasonally, moving northward during the northern summer and moving south during
the northern winter. The ITCZ forms as a result of moist air rising under the influence of
strong surface heating. Upward motion along the ITCZ is limited to approximately 15
kilometers by the presence of the stratosphere. The stratosphere, which is kept very
warm by its abundance of ozone efficiently absorbing solar radiation, acts as a lid on
the lowest portion of the atmosphere—the troposphere (figure 7, page 19). For practi-
cal purposes, all the weather that we experience occurs in the troposphere .

figure 6. ITCZ: Full disc GOES image with 10°N-10°S indicated.
image courtesy of the SSEC: University of Wisconsin-Madison

The air that rises in the vicinity of the ITCZ must spread out, or diverge, at the top of
the troposphere. In the simplest case (figure 8b, page 20), we could assume that the
Earth has a one-cell circulation in which the air lifted at the ITCZ travels north until it




reaches the cold polar regions
and then sinks. This would be a
direct way to restore the system
to balance. However, due to

complex effects, the circulation
associated with the differential
heating of the atmosphere is not Earth

eating of the atmosphere is no Tropasphere
a simple one-cell circulation from Strosphere
equator to pole. Instead, a more Mz cephere
complex multi-cell structure acts Themnosphere
to transport heat energy from the ————— Excsphere

equator to the poles.
figure 7.

troposphere

@

North Pole

60°
Ferrel

@ Cell
prevailing westerlies

0 @ ©

@ Hadley @
Cell

E r t | northeast trade winds

How is energy transported poleward?

Equator @

Simplified View of General Circulation

The rising air near the ITCZ @diverges at the top of the troposphere and some portion travels north @
As the air moves north it radiates energy into space and cools. As it cools it becomes more dense and sinks

. The area of sinking motion, or subsidence, occurs near 30°N. A region with strong subsidence is typically
very clear and warm with light winds. The subsiding air reaches the surface and branches outward @with
the northern branch traveling north @and the southern branch traveling south to complete Hadley cell
circulation (5) . The northern branch collides with cold, dense polar air moving soutl@ . This area, marked
by the cold front symbol ( _a. _a ) is often the location of frontal zones and cyclonic disturbances.

figure 8a. Simplified View of General Circulation




In figure 8a (page 19), a simplified description of the general circulation of the atmos-
phere in the Northern Hemisphere is given. The area of interest for this section is the
northern latitudes where the northward branch of the Ferrel cell (point 6) interacts
with polar air moving south (point 7). Instabilities associated with the coexistence of
these warm and cold air masses are responsible for the wave motion that is character-
istic of the weather in mid-latitudes. The general circulation shown in figure 8a has
several distinct circulation regions, or cells. The horizontal air motion associated with
these cells, however, is not directly north-to-south (meridional flow) because the air
is flowing over a rotating sphere (see figure 8b).

Ferrel and Hadley cellz

figure 8b.

Hadley cell

Single-cell model of circulation that assumes Earth is uniformly covered with
water, that the Sun is always directly over the equator, and that the Earth does
not rotate. Circulation consists of a closed loop with rising air over the equator
and sinking air over the poles. Named after 18th century meteorologist,
George Hadley.

Ferrel cell

Each hemisphere of the rotating Earth has three cells to redistribute energy. The
middle cell, named for American meteorologist William Ferrel, is completed
when surface air from the horse latitudes flows poleward toward the polar front.

Surface high pressure is located at the poles and near 30° latitude, low pres-
sure exists over the equator and 60° latitude.

Because the Earth is rotating, our point of view about local motions—our frame of ref-
erence—is rotating as well (figure 9, page 21). Although this motion is imperceptible to
us, if we observe Earth from a vantage point in space, the Earth rotates beneath us
from right to left (counterclockwise). As an example of the effect of the Earth’s rotation
on relative motion, figure 9 shows a baseball (or parcel of air) moving northward at
high speed from point Ato B, If the length of the trip is long enough, the Earth will



rotate under the baseball (or parcel of air). Although the baseball continues moving
north relative to our geostationary point of view, when the path of the baseball (or air
parcel) is traced on the Earth’s surface, it appears to have curved to the right. The
apparent force which accounts for such curved motion in a rotating frame of reference
is called the Coriolis effect. The Coriolis effect accounts for the large scale horizontal
winds that are driven by the general circulation of the atmosphere.

Coriolis Effect

figure 9.
The Coriolis effect has several important characteristics.

1. The Coriolis effect is a deflecting force. It acts at right angles to wind direc-
tion but does not affect wind speed.

2. The strength of the Coriolis effect is proportional to wind speed.

3. The Coriolis effect deflects winds to the right in the Northern Hemisphere.
Thus northerly moving winds are bent eastward and southerly moving
winds are bent westward. The reverse is true in the Southern Hemisphere
(winds are deflected to the left, meaning northerly moving winds are bent
westward and southerly moving winds are bent eastward.)

4. There is no effect at the equator.

The influence of the Coriolis effect on general circulation gives us the prevailing wind
regimes that were observed by sailors centuries ago. For example, the winds that
move from north to south from the lower latitudes into the ITCZ are deflected to the
right (westward) and produce the northeast trade winds, observed in the Caribbean
and Hawaii (figure 10, page 22). The winds that move south-to-north in the midlati-
tudes are deflected to the right and form the prevailing westerlies in this area.



Now that we understand the overall circulation patterns of the atmosphere, we can
return to the energy balance issue; the transport of heat from the equator to the poles.
The southernmost cells of the general circulation (Hadley and Ferrel) are fairly efficient in
transferring heat directly from the tropical regions. In the mid-latitudes, the general circu-
lation and the Coriolis effect combine to produce conditions less favorable to energy
transfer. The mid-latitude, westerly winds are opposed by easterly winds produced by
polar air sliding southward (figure 10). Due to differences in density, the two air masses
do not readily mix and the transfer of warm air poleward is retarded. How then is heat
transported poleward across the mid-latitudes to restore balance to the system?

The mechanism which transports energy poleward in the mid-atitudes is the cyclonic dis-
turbance. On satellite images, the distinct comma cloud pattern associated with these
storms indicates the energy transfer. The process by which the transfer of warm air pole-
ward occurs is summarized in qualitative terms in figure 11 (page 23). The process begins
with the transport of warm air to the mid-latitudes. As noted above, this air mass does
not readily mix with denser polar air. Over time, the west winds in the mid-latitudes con-
tinue to absorb heat transported northward and a strong latitudinal temperature gra-
dient develops with increasingly warm air bordering on cold polar air. As the gradient
becomes progressively stronger, a small disturbance, which is often associated with the
movement of smaller scale waves and the structure of the jet stream, begins to amplify.
Over time, a large wave develops which sweeps warm air poleward and finally heat is
exchanged. The latitudinal temperature gradient decreases and stable conditions return.

Earths weather patterns are a result of the unequal heating of the Earth's surface. The trop-
ical latitudes receive more energy from the Sun than the higher latitudes.

Averaged over Earth, incoming radiation from the Sun approximately equals outgoing Earth
radiation. However, this energy balance is not maintained in all latitudes—the tropics experi-
ence a net gain, the polar regions a net loss.

Coriolis Effect & General Circulation
The Earth-atmosphere system attempts to
restore balance to the system by transport-
ing excess energy from the equatorial
regions to the poles.

Differences in pressure within the atmos-
phere cause air to move—wind to blow.

General atmospheric circulation represents 0° doldrums
average air flow around the world. Actual
winds at any location may vary consider-
ably from this average.
o horse

Wind direction is given as the direction lattudes

from which the wind is blowing, i.e., a
north wind blows from north to south.

figure 10.




Waves in the Mid-latitude Westerly Flow
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figure 11. adapted from the course materials of Dr. Owen Thompson,
University of Maryland

The cycle shown in figure 11 is idealized and occurs in many different permutations
with a variety of regional effects. At any given time, several examples of the process
can be observed on GOES images (figure 12).

figure 12. GOES image, May 15, 1994, containing several cyclones,
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign

cyclone 3 cyclone 2 cyclone 1




CycLONIC DISTURBANCES
AND BAROCLINIC INSTABILITY

ection 3

B In this section, the wave motion that is characteristic of the weather in the mid-latitudes
is investigated in more detail. A pattern of regular storms in the mid-latitudes has been
known for many years (see historical note on page 25). However, the first modern par-
adigm for describing the development of mid-atitude disturbances did not appear until
the time of World War |. At that time, Vilhelm Bjerknes— a noted hydrodynamicist, his
son Jacob, and other Norwegian scientists set up a research facility in Bergen, Norway.
Because of the war, all sources of weather data were cut off. To prepare local forecasts,
the group—later known as the Bergen School, set up a dense observational network
across Norway. The data collected from this network was used to develop what has
come to be known as the polar front theory. This theory postulated the existence of the
now-familiar warm and cold fronts, as well as the three-dimensional motions associated
with them. Although many of the concepts associated with the polar front theory had
already existed or been hinted at, the scientists of the Bergen School created a com-
plete and coherent three-dimensional picture of the life cycle of extra-tropical cyclones.

The data upon which this theory was based was primarily a network of surface obser-
vations, supplemented by limited upper air data. The polar front theory predates many
observing systems in use today including the global upper air observation network,
radar, and satellites. However, the basic insights contained in this paradigm still form
part of the current understanding of extratropical cyclone development and are a use-
ful place to begin to understand what we see on the satellite images.

Polar Front Theory
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figure 13. panel 1, a-d four-stage pressure and front fields
panel 2, a-d fourstage wind and temperature field

The evolution of the wave as described by the polar front theory is shown in figure 13.
The symbols for fronts are shown in the Glossary under weather symbols. The wave
passes through several distinct stages with characteristic surface weather phenomena

associated with each stage.




= Instage Ta. and 1b., a stationary polar front exists in a region of locally lower
pressure (pressure trough) between two air masses. Cool polar air is to the north
and warmer tropical air to the south. This is a local expression of the stable
condition shown in figure 11 (page 23) regarding the general circulation.

=  Akink or open wave forms in stage b with low pressure at the center of the wave.
The inverted V-shape in stage b now contains the familiar cold and warm fronts.
The cold front moves faster and eventually catches up to warm front.

» The top of the inverted V becomes closed in stage c. This is the occlusion stage
of a mature system, the storm is now intense with a distinct comma shaped cloud
pattern associated with it.

= As the occlusion progresses in stage d, the main area of warm, moist air becomes
isolated from its source. The storm will spin about itself and slowly dissipate. This
isolated area of warm air (warm eddy) in stage d is an example of the poleward
transfer of heat that acts to restore the Earth system to balance.

Historical Note

Advances in the field of meteorology have paralleled general technological advances.
The invention of the telegraph in 1845 allowed, for the first time, the rapid communi-
cation of weather data and the ability to create timely weather maps. The day-to-day
weather motions revealed by these charts provided the ability to provide short-term
forecasts. The first reqular storm warnings were issued in the Netherlands in 1860. As
the network of surface observations increased, and theoretical understanding
improved, the first general theory of wave development, the polar front theory, was
introduced in the early 20th century (1917-1922).

The shortcoming of weather analysis up to the early 1920 was the dearth of observa-
tions of upper air conditions. However, advances in radio technology and associated
improvements in storage battery technology made possible the invention of the radio
meteorograph (radiosonde). Inexpensive radiosondes were the key to the develop-
ment, during the period from 1920-1950, of a global network of regular upper air
observations. The data from this network stimulated theoretical investigations of the
physics of the atmosphere culminating, just after the Second World War, in the work of
Jule Charney and Arnt Eliassen. These scientists, working independently, adapted the
general equations of hydrodynamics to provide the possibility of a mathematically man-
ageable description of three-dimensional atmospheric motion.

The problem with theoretical investigations of atmospheric motion was the inability to
carry out the immense number of calculations involved in solving the equations of
motion. The advent of the general purpose (programmable) computer in the early
19505 finally surmounted this problem and allowed rapid and significant advances in
meteorology. In fact, the first peacetime use of a multipurpose electronic digital com-
puting machine (the Electronic Numerical Integrator and Computer or ENIAC) was to
predict weather. In the following years, advances in semi-conductor technology has
made computers more powerful and able to solve more complex forecast problems.



However, any computer forecast is dependent upon the data used as input. While a
dense network of observations existed over the land areas of the Northern Hemisphere,
many remote areas of the globe—particularly the oceans—were not routinely
observed. The satellite era, beginning in the early 19605, provided the capability for
global weather observations. These observations further improved computer forecasts.

In the future, advances in observations, computing technology, and remote sensing will
continue to drive advances in forecast meteorology, particularly in the areas of longer
range (greater than 6 day) forecasts and local, severe weather forecasts. The information
now becoming available from Doppler radars and the new generation of geosynchro-
nous satellites will also improve the theoretical understanding of the atmosphere.

The polar front theory gained general acceptance by World War Il because it was able
to explain the observed weather associated with mid-latitude disturbances. In figure
14a, vertical cross-sections through the cold and warm fronts are shown. The cloud
patterns that are associated with the different regions of the disturbance are a function
of the vertical structure of the atmosphere at each location. The cold front is character-
ized by cool, dense air which burrows under warm, moist air. As we will see in more
detail later, rapid lifting and cooling of moaist air produces the thunderstorms that fre-
guently accompany frontal passages, and are often large enough to be fully detected
by satellite images. Conversely, the warm front consists of warm air rising gradually
over slightly cooler air. This slowly rising air produces layered, or stratiform, clouds.

figure 14a. GOES image of cyclone, April 12, 1994 0100 CDT.
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign
Cross sections are A-B (cold front) and C-D (warm front).
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figure 14b. Panels are cross sections of A- B and C-D, in figure 14a.

The most striking aspects of the development of extratropical cyclones, as explained
by the polar front theory, are the rapid lowering of pressure and the counter-clock-
wise rotation of winds about the center of low pressure. This distinct air motion

is reflected in the comma cloud system that we observe from satellites, and is
produced by four basic forces:

pressure gradient force (PGF),
Coriolis effect,

centrifugal force, and
friction.

BN =

In general, the motion of wind is from high pressure to low pressure. The center of the
mid-latitude cyclone is an area of low pressure. As a result, air at the surface converges
toward that location. The Coriolis effect, as discussed in section 2, deflects the incom-
iNng wind to the right (in the Northern Hemisphere), to produce a counterclockwise
rotation (figure 15, page 28). If the area of low pressure is roughly circular, the rotation
will be counterclockwise.

At distances of greater than 1 kilometer from the surface, the PGF and Coriolis effect are
in balance for relatively straight-line flow (in curved flow, the centrifugal force must also
pe considered). The PGE a constant force, initially accelerates a parcel of air toward
lower pressure (figure 15a). As the parcels speed increases, the Coriolis effect deflects it
to the right in proportion to the speed of the parcel. The parcel eventually reaches a
velocity in which balance is achieved and no net force is exerted on the parcel. At this
point, there is no further acceleration and the velocity of the parcel is constant. The air
flow is parallel to the isobars (lines of equal pressure-15b). This balance of PGF and
Coriolis forces is called the geostrophic wind (Vg) assumption. Above the Earth’s
surface, where frictional effects are negligible, this assumption is a valid approximation.
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figure 15.

In sharply curved flow, the geostrophic assumption is no longer completely valid. It is
observed that air flow around curved ridges and troughs is still geostrophic in direction
(parallel to lines of equal pressure). But the observed wind speeds are not equal to that
predicted by the geostrophic assumption. Wind speed around a low pressure trough is
slower than predicted by the geostrophic assumption and winds around a high pres-
sure ridge are stronger than predicted by the geostrophic assumption. To explain this
difference in speed but not direction, we must consider centrifugal force. Centrifugal
force is, like the Coriolis effect, an apparent force that is used so that Newton’s laws can
Pe applied in a rotating frame of reference. An example is shown in figure 16. A block
of wood is tied to the center of a rotating platform. To an observer outside the rotating
platform, the block moves in a circle with force provided by the tension on the line
(Tin the figure). However, to an observer on the platform, the block is at rest. To account
for the tension on the string, an apparent outward force— called the centrifugal force
(Ce)]—must be introduced.




Example of centrifugal force, block of wood and rotating platform

figure 16.

The effect of the centrifugal force on winds that curve around high and low pressure
centers is shown in figure 17 (page 30) and provides a clue to the most likely location for
the development of cyclonic disturbances. The centrifugal force is directed outward from
the center of the curved motion. Near the center of low pressure, the centrifugal force
(Ce) opposes the PGF in this region and in order for the air parcel to continue moving
parallel to the isobars, the Coriolis effect (Co) must be reduced. Because the Coriolis effect
is proportional to wind speed, the speed of the air parcel is less than it would be for
straight flow. The flow around a low pressure center is slower than expected or sub-
geostrophic. The reverse effect occurs at the top of the ridge. Here the centrifugal force
reinforces the PGF and requires a stronger Coriolis effect, and stronger winds, to balance.
The flow here is faster than would be expected for straight flow (supergeostrophic). As a
result, an air parcel accelerates as it moves from the base of the trough to the top of
ridge. This acceleration creates an area of horizontal divergence ahead of (east of) the
trough. That is, air is leaving the shaded area (in figure 18, page 30) faster that it enters,
so that the mass of air within the shaded area decreases. This reduction in mass is an area
of horizontal divergence. Areas of divergence lead to vertical motion and are a key
region for development of mid-latitude cyclones (figure 3, page 13).

Near the surface, a different sort of balance occurs. Here the winds do not flow parallel
to lines of equal pressure (isobars) but tend to cross the isobars at an angle slightly
toward lower pressure (figure 19, page 31). This is a result of friction acting on the par-
cel of air. Friction decreases velocity so that the Coriolis effect (Co), which is proportion-
al to velocity, decreases. The PGE which is a constant force, becomes more dominant
relative to the Coriolis effect, and air is drawn toward the center of low pressure. This
flow across isobars accounts for the tight spiral near the heart of the comma cloud. It
also accounts for converging air near the center of the cyclonic disturbance.

The polar front theory was able to account for the wind fields we have just discussed
as well as provide a mechanism for the transfer of heat toward the pole. The polar
front theory, based on surface observations, had shortcomings which became clearer



as new observational techniques were developed. As upper air soundings became
more widespread and frequent, it was observed that frontal zones could exist for long

periods of time without becoming unstable and that strong cyclonic disturbances
could occur without preexisting frontal zones.

. . . PGF
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figure 17. centrifugal force affects wind around high pressure and low pressure differently

figure 18. mid-latitude cyclones tend to develop in the shaded area
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figure 19. surface winds and friction

The theoretical explanation of the development of cyclones that succeeded the polar front
theory was first introduced in the 19405. This theory, termed the baroclinic theory,
identified instabilities in the upper level westerlies as the key to cyclone development.
The baroclinic theory is better able than the polar front theory to predict when and
where mid-latitude cyclones will develop. With the advent of satellite observations in
the 19605, the basic insights of the baroclinic theory were confirmed although, as will
Pe explained in section 5, satellites have also identified large weather-making systems
that are not fully explained by baroclinic processes.

While the baroclinic theory is quite complex and cannot be fully described here, we can
point to the key factors that result in extra-tropical cyclone development and the manner
in which they interact. Through satellite images and surface and upper air charts (all
now routinely available on the Internet), these factors can be identified and tracked so
that simple, but often accurate, forecasts of cyclone development can be made.

Historical Background

Serial ascents of balloon-borne meteorographs in the late 19205 and early
1930 were able to provide clues regarding the upper-air conditions associated
with cyclonic disturbances. These showed the vertical extent of the frontal
zones - rather than abrupt discontinuities between air masses - and some indi-
cation of upper level wave structure. After the Second World War, a
radiosonde network that spanned the globe was set up which allowed for
daily analysis of upper air patterns. This allowed, for the first time, routine
observation of the strength and extent of the polar jet stream.

With the advent of routine upper air observations, it was found that cyclonic distur-
bances tend to occur just ahead (east) of the base of the trough (figure 3) and that
these upper air waves—which are quasi-norizontal—amplify along with the developing



storm. With higher resolution observations, it was found that the amplifications in the
wave were associated with the movement of small scale disturbances (short waves)
within the troughs. When these short waves, which appear as constrictions in the

longer wave (figure 20), approach an area of surface low pressure, rapid development
of the cyclonic disturbance occurs.

figure 20.
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The interaction of the short wave trough with the surface low pressure center is shown in
figure 20 (page 32). In figure 20a, the initial state is drawn. In this situation, there may or
may not pbe a stationary front present. Often there is only an area with latitudinal temper-
ature gradient present in the region shown by a stationary front in figure 20a. The short
wave begins circulating through the longer wave pattern in figure 200. The short wave
is identified by a kink, or constriction, within the overall, large scale, wave. As will be dis-
cussed below, upper air charts at 500mb ( ~ 5km above ground) or 700 mb (~ 3km) will
typically show the location of any short wave troughs. In figure 20c, the short wave trav-
els into the area with either a stationary front or latitudinal temperature gradient. At this
point, the surface pressure falls quickly and the classic wave form (compare figure 13) is
present. The interaction of the short wave with the surface low pressure center causes
the large scale wave to amplify rapidly (figure 20d). The short wave trough thus acts to
energize the entire wave train and heat transfer, as discussed in section 2.

Large scale instabilities, or waves, in the westerly flow in the mid-atitudes which are
triggered by the passage of the mid-tropospheric short wave troughs through a region
of strong temperature gradients can be further enhanced by circulations resulting from
accelerations in the jet stream at the top of the troposphere.

The jet stream is a semi-continuous belt of strong upper level winds that encircle the
globe with wave-like meanders. The jet stream can pbest be described as a ribbon of
high speed winds located at the top of the troposphere (10-15 km). At this height, the
tropopause marks the limit of the troposphere and the beginning of the stratosphere.
The jet is not continuous but has segments that are thousands of kilometers in length,
hundreds of kilometers in width, but only one to five kilometers deep.

figure 21.
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On the average, there are two jet streams present in the Northern Hemisphere (figure
21, page 33). The polar jet is found in latitudes 30°-60°N. The subtropical jet is located
between 20-40° N and has a distinct cloud signature which is evident on satellite images
(figure 22). An important characteristic of jet streams is that wind speed is not uniform
within the jet. There exists a jet core or streak which contains the maximum winds. The
location and movement of the jet streak is a key factor in cyclone development.

The jet streak moves along the jet stream in @ manner similar to the way a short wave
trough moves through the long wave pattern. Jet streaks move slowly relative to the
wind parcels that travel along the jet stream. Jet streaks are analogous to constricted
areas in a river. A parcel of air traveling along the jet stream will overtake the jet streak
and be temporarily accelerated before exiting the region.

figure 22. GOES image, January 7, 1994, 1100 CST
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign
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figure 23.

When the surface jet streak is near the surface low pressure center, the surface pressure
rapidly decreases

The accelerations within the jet streak act to increase upward air motions. Because
upward motion is limited at the top of the troposphere, the air then moves outward (or
diverges) similar to the tropopause’s effect on convection at the ITCZ. The net result of
this upward motion in the vicinity of the jet streak is to decrease the mass of air
beneath it. This results in lower surface pressure. When the jet streak moves close to a
region with a developing surface cyclone, the effect is to further decrease pressure and
enhance the cyclonic circulation (figure 23).
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Divergence aloft: Chimney example

figure 24.

Divergence associated with jet streak circulations can be compared to a chimney. If the
chimney flue is open, smoke escapes and more air is drawn in to feed the fire. If the
flue is closed, smoke backs up into the fireplace and no new air feeds the fire. As a fire
needs an open flue to grow, a deepening low pressure system must contain a deep

region of divergence (figure 24).

figure 25.
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For understanding satellite images and the current and future weather associated with
them, the factors discussed above point to information that is helpful to a full analysis.
The cloud patterns from a GOES image, or series of GOES images, will show the longer
wave pattern with troughs and ridges, as well as any pre-existing cyclones. A surface
map will show the existence of low pressure centers, surface cold and warm fronts, as
well as any stationary fronts or regions with strong temperature gradients. A chart of the
mid-troposphere (500 or 700 mb) will show the location of short wave troughs that may
be embedded in the large scale flow. Finally, an upper air chart (200 or 300 mb) will
show the location of the jet stream and any jet streaks that are present. With this infor-
mation, the presence of a mature extratropical system is easily recognized (figure 25)
and areas conducive to new cyclone formation can be identified (figure 26).

Possible Cyclone Development
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figure 26.



A sequence involving several extratropical cyclones is shown in figures 27 a—f (pages
38-43). In figure a, a mature cyclone, centered in central Quebec, was exiting North
America on April 10, 1994. The cold front associated with it is moved into northern
New England. The front was fairly weak at this stage in its evolution; as it trailed into
the central United States it became nearly stationary. Along the stationary front in
Oklahoma, Nebraska and Missouri, a slight curvature was present in the cloud shield.
This curvature was the first sign of the development of the next cyclone in the series.

mature
cyclone

figure 27a. GOES image, April 10, 1994, 1200 CDT
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



In figure b, a polar-orbiter image from April 11th showed the front passing through
the mid-Atlantic states and moving out to sea. Note that the cloud deck along the
front is not well-developed, a sign that the front is weakening. To the west, however,
a considerable amount of cirrus was present suggesting thunderstorms and signifi-
cant convective activity.

figure 27b. NOAA 10 (AM) image, April 11, 1994
image courtesy of D. Tetreault, University of Rhode Island



In figure ¢, the beginning comma cloud circulation is seen in a GOES IR image from
April 11th. This circulation, centered roughly over Kansas, began in the curved area
noted the previous day. The cloud shield associated with this circulation is extensive.

figure 27c. GOES image, April 11, 1994, 0900 CDT
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



On the following day, figure d, the comma cloud was fully formed. The cloud stretches
from lowa through eastern Texas. The head of the comma is less distinct although it is
visible over Kansas and Nebraska.

figure 27d. GOES image, April 12, 1994, 1AM CDT
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



Two days later, on April 14th, this cyclone followed its predecessor and moved into the
Atlantic Ocean. The polar orbiter image (figure €) shows the location of the front. Note
that the cloud features are better resolved (sharper, more detailed) in the polar-orbiter

images than in the corresponding GOES image in figure 27/f. Images from the newest

GOES satellites will be higher resolution and will provide more detailed images. See
the Satellites chapter for more information.
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figure 27e. NOAA 10 (AM) image April 14, 1994
image courtesy of D. Tetreault, University of Rhode Island



This sequence of several cyclones following each other is fairly common. As the initial
cyclone weakens, the trailing (western) portion of its cold front will become stationary.
This stationary front is a region of strong temperature gradients. The appearance of the

next upper air wave and jet streak is often sufficient to start the cyclone formation
process again.

figure 27f. GOES image, April 14, 0600 CDT
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



CLoOuUDS

ection 4

In this section, cloud formation is explained and typical clouds types that are associated
with midlatitude cyclones are described. The cloud features within a mature cyclonic
disturbance are typically organized in a comma form. Specific cloud types can be iden-
tified with polar orbiter images and, to a lesser extent, GOES images.

Air is comprised mainly of nitrogen and oxygen, but also contains a small amount of
water vapor. Clouds form when a parcel of air is cooled until the water vapor that it
contains condenses to liquid form. Another way of saying this is that condensation
(clouds) occur when an air parcel is saturated with water vapor.

The amount of moisture in a parcel of air is expressed in a variety of ways. The stan-
dard scientific measure is the partial pressure of water vapor. Partial pressure simply
refers to the pressure exerted by only the water vapor part of the air parcel. The stan-
dard unit of measurement is millibars (mb) and is typically a small fraction of total
atmospheric pressure. The water vapor content can also be expressed as a mass mixing
ratio, that is, the mass of water vapor per total mass of air. Mixing ratio is usually
expressed as grams H,0 per kilograms air.

The partial pressure of water vapor at the point of condensation is termed the satura-
tion pressure (&g). The saturation pressure of any air parcel is proportional to tempera-
ture and is described by the Clausius-Clapeyron equation, figure 28.
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figure 28. Clausius-Clapeyron Equation indicates the dependence of saturation vapor
pressure on temperature. It is derived from the first law of thermodynamics.
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figure 29.

An example illustrating cloud formation is given in figure 29. The starting point for the
parcel of air is Point A. At this temperature (T) and water vapor pressure (e), the parcel
of air is not saturated with respect to water vapor. That is, it is positioned below and to
the right of the saturation line (eg). If the parcel is cooled with no change in moisture, it
will move along the line A-B. When it reaches point B, its vapor pressure (e1) is equal to
the saturation vapor pressure (&) for that temperature (T4) and condensation occurs.
The temperature at point B is known as the dew point temperature or dew point.



The ratio of the vapor pressure at Point A to the saturation vapor pressure for the initial
temperature (Point C)— expressed in percent — is the relative humidity. As the parcel
cools along the line A-B, its relative humidity increases. \When temperatures cool in the
evening, with little change in local moisture levels, relative humidity increases and
reaches a peak just before sunrise.

For a given temperature (T1):

vapor pressure at Point A

= relative humidity (%)
saturation vapor pressure for Point C

Clouds may occur when air is cooled to near its dew point. There are three ways to
cool air to its dew point:

1. advection of warm air over a cold surface
2. mixing air parcels of different temperature and moisture
3. lifting of air to higher levels

advection
The horizontal transfer of any atmospheric property by the wind.

= First, horizontal motion (advection) of warm and moist air over a cool surface
will cause the air parcel to cool and condensation to occur. This is how advection
fog forms.

Mixing Clouds

= Mixing parcels of different temperature
and moisture can also result in cloud
formation. The mixing cloud is
another application of the Clausius-
Clapeyron equation (figure 30).
Parcels A and B are both in the
unsaturated region of the graph.
Parcel Ais warm and moist and
Parcel B is cool and dry. When they
are equally mixed, the final parcel
has a vapor pressure equal to the sat-
uration vapor pressure (&) and con-
densation occurs. Jet aircraft contrails
are an example of this type of cloud.

= Athird way to cool air to its dew
point is by lifting. Because pressure
and accordingly, temperature,
decrease rapidly with height, a rising
parcel of air will cool rapidly.

figure 30.



Cloud Condensation Nuclei

In the atmosphere, clouds can form at relative humidities of less that 100%.
This is due to the presence of minute (0.1 - 2 micrometers in radius) water-
attracting (hygroscopic) particles. Water vapor will stick to, and condense on,
these particles to form clouds—hence the particles are termed cloud condensa-
tion nuclei (CCN).

CCN occur naturally in the atmosphere. Major sources of CCN are:
= volcanoes - dust and sulfate particles

= oceans - sea salt particles

= phytoplankton - sulfate particles

= wildfires - soot and dust

CCN can also result from man’s activities. In particular, CCN occur as a byprod-
uct of any combustion process. This includes motor vehicles emissions, industri-
al activity, and controlled fires (slash and burn agriculture).

The effect on CCN concentrations on climate is an area of continuing research.
For example, if greenhouse-gas-induced-global warming occurs, sea surface tem-
perature (SST) will increase. Will this result in increased emission of sulfates from
phytoplankton? If so, will this significantly affect CCN concentrations over the
oceans? Will increases in CCN concentrations result in increased cloud cover? Will
this in turn lead to a cooling effect that will modulate the warming trend?

The most common ways to lift a parcel of air are: buoyancy, topographic lifting, and
convergence. Buoyant lifting results from surface heating. This is a common manner of
cloud formation in the summer. Buoyancy lifting is also called convection and occurs
when local warm areas heat the air near the surface (figure 31a). The warm air is less
dense than the surrounding air and rises. The rising air will eventually cool to its dew
point and form a fairweather cumulus cloud.

figure 31.
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Air that is forced into, or over, a topographic barrier will also rise and cool to form
clouds (figure 31b). This occurs near mountain ranges. For example, warm and moist
air from the Gulf of Mexico can be pushed northwestward and up the eastern slope of
the Rockies to form extensive cloud decks.

Finally, lifting occurs where there is large scale convergence of air (figure 27¢, page 40).
Cold fronts are a location of strong convergence as cold, dense southward moving air
displaces warmer air. Convergence can also occur on smaller scales along the leading
edge of the sea or bay breeze boundaries.

The formation of clouds is an application of the First Law of Thermodynamics. According
to the First Law, a change in the internal energy of a system can be due to the addition
(or loss) of heat or to the work done on (or by) the system. In the atmosphere system, the
change of internal energy is measured as a change in temperature and the work done is
manifested as a change in pressure. Because air is a relatively poor conductor of heat
energy, the assumption is made that the parcel of air upon which work is being done
is insulated from the surrounding environment. This is the adiabatic assumption. For a
rising air parcel, the change in internal energy is therefore due entirely to pressure work
with no addition or loss of heat to the surrounding environment. A simple relationship
for temperature change for a rising parcel of air can then pbe determined. This change
of temperature with height is the dry adiabatic lapse rate of -9.8°C per kilometer.

adiabatic
The process without transfer of heat, compression results in warming,
expansion results in cooling.

Air is, of course, not entirely dry and always contains some water vapor which can
condense as the air parcel rises and cools. Condensation creates clouds and affects the
temperature and vertical motion of the parcel. During condensation, heat is released

figure 32.
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(latent heat of condensation). This addition of heat to the system violates the adiabatic
assumption. The rate of cooling of an ascending air parcel undergoing condensation
is, therefore, less than for dry air. The lapse rate for air under these conditions is the
moist adiabatic lapse rate and is approximately -5° C per kilometer (figure 32).

The process by which clouds are formed adiabatically can be summarized using buoy-
ancy clouds as an example. In figure 33, a parcel of air (point A) is heated by the sur-
face and its temperature increases (point B). Because it is warmer than the surrounding
measured air temperature, the air parcel cools dry adiabatically as it rises (line BC). At
the height (Z;) at which the parcel cools to its dew point (T4) temperature, condensa-
tion occurs and heat is released. Because the parcel remains warmer than the environ-
ment temperature (line AE) it continues to rise but cools at a slightly slower rate (moist
adiabatic lapse rate). The parcel will continue to rise until its temperature is less than
the measured air temperature that surrounds it (Z5). At this point, vertical motion ceas-
es and the cloud top height (Z5) is attained.

Many of the clouds formed by the processes noted above can be observed by satellite.
The mid-latitude cyclones that are the focus of this chapter contain a subset of cloud
types. These clouds are organized into common patterns which are described below.

Clouds are initially classified into types based on their height. They are then subclassi-
fied based on their shape. While the shape of a given cloud type can often be ade-
quately observed by satellite, determination of cloud height can be difficult. In order to
fully determine cloud shape and height, both visible and infrared satellite images are
useful. Shape or appearance of clouds can be determined from a visible image, but
temperature—and, by inference, height—are best determined by infrared images.



As noted in the Satellites chapter, GOES and polar orbiting satellites return both visible
and infrared (IR) images. Visible images are created by sunlight reflected from cloud
tops. Smooth cloud tops will give a much different reflected signal than clouds that are
irregularly shaped. However, two layers of smooth, thick clouds will reflect sunlight in a
similar manner making relative height determination difficult. In some cases, if the lay-
ers overlap and the sun angle is aligned properly, shadows will reveal the height differ-
ences. In most cases, the best way to determine cloud top height is by the use of
infrared imagery. Infrared sensors detect the radiation emitted by clouds. Because tem-
perature decreases with height in the troposphere, higher clouds will appear colder (or
whiter) on the satellite images. If image enhancement software is available, the differ-
ences can be accentuated.

Some types of clouds are not observed well by satellites. Small clouds, such as fair
weather cumulus, are simply too small to be resolved by the satellite sensors. Clouds
which are thin or scattered also may not be observed well (figure 34). For a thin or
scattered cloud, a GOES infrared detector will receive infrared radiation from both the
colder cloud fragments, and in the clear spaces—from the warmer Earth. When the
total radiation is averaged, the satellite will see clouds that appear warmer due to this
heterogeneous field of view.

figure 34.

satellite field of view

Prior to looking at images it is important to be familiar with the clouds. Clouds most
often associated with mid-latitude cyclones are listed below and discussed in the
following paragraphs.

Upper Level Clouds (6-12 km): Cirrus (Ci), Cirrostratus (Cs), Cirrocumulus (Cc),
Cumulonimbus (Cb)

Mid Level Clouds (2-6 km): Altostratus (As), Altocumlus (Ac)

Low Level clouds: Stratus (St), Stratocumulus (Sc), Cumulus (Cu)



The highest clouds are cirroform clouds. These clouds are made up of ice crystals and
are found at 6—12 km. This group includes cirrus clouds, which are observed from the
surface as thin hooks and strands. While cirrus clouds are easily observed from the
surface, they are usually so thin that they are difficult to detect by satellite. In strong
thunderstorms, however, strands of thicker cirrus clouds are often visible as outflow at
the top of the thunderstorm (as in figure 27b ). Cirrus clouds are very helpful in deter-
mining the direction of upper-level winds. The cloud strands, when visible, are oriented
parallel to the upper level winds. Dense cirrus decks can be observed in visible images
as streaks or bands and can be distinguished from lower clouds by the shadow they
cast below. In the infrared image (27b), the denser cirrus are very bright because of
their cold temperature, but can be subject to the effects of a heterogeneous field of view.

jet stream

stratus & other low-

level clouds —

cirrostratus or altostratus

stratocumulus

figure 35. Clouds Associated with Extratropical Cyclones
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figure 36a. GOES infrared image, November 5, 1994
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



figure 36b. enhanced GOES infrared image, November 5, 1994
image courtesy of M. Ramamurthy, University of lllinois, Urbana/Champaign



The clouds typically associated with extratropical cyclones are illustrated in figure 35.
Clouds that make up the bulk of the comma cloud seen in satellite images are the cirro-
stratus clouds. As shown in figure 35, the mature comma cloud has an extensive deck
of cirrostratus clouds. The GOES IR image in figure 36a is an example of the illustration
in figure 35. The western limit of the cirrostratus deck typically marks the position of the
surface cold front. In this case, it is found in Missouri, eastern Arkansas, and central
Louisiana. The northern limit of the cirrostratus typically marks the southern edge of the
jet stream. This is found across Minnesota and Lake Superior. In figure 36b, the IR
image is enhanced to show the cirrostratus cloud region in black. Note that there are
whiter regions embedded within the cirrostratus deck, particularly in central Alabama.
These are very high cirrus clouds associated with cumulonimbus clouds that have
formed along the cold front.

The final form of upper level clouds are cirrocumulus. These small puffy clouds are usu-
ally too small to be resolved by the satellite or subject to contamination effect. If the cir-
rocumulus are large and extensive enough, they are distinguished from cirrostratus by

a lumpy texture.

Mid-level clouds, which are found at heights of 2-6 km, frequently resemble the upper
level clouds although they tend to be composed of liquid water droplets rather than ice.
Altostratus clouds, like cirrostratus, are usually found in association with midlatitude
cyclones. Often the only way to distinguish mid-level from upper level clouds is by using
software to enhance infrared images, as in figure 36b. In the visible, altostratus is quite
similar to higher or lower stratiform clouds and may only be distinguished if shadows are
present. Altocumulus clouds also accompany midlatitude disturbances but are typically
covered, as are altostratus, by higher clouds. The altocumulus clouds are often found in
association with altostratus decks and can be distinguished by a lumpier appearance.

The lowest level clouds also contain cumuloform and stratiform variants. Fair weather
cumulus, the “popcorn” clouds seen on fair days, are often below the resolution of
regional satellite images. When the cumulus clouds grow into towering cumulus or
thunderstorms (cumulonimbus), their high